Purpose: The purpose of this study was to develop and validate an image-guided robotic needle delivery system for accurate and repeatable needle targeting procedures in mouse brains inside the 12 cm inner diameter gradient coil insert of a 9.4 T MR scanner. Many preclinical research techniques require the use of accurate needle deliveries to soft tissues, including brain tissue. Soft tissues are optimally visualized in MR images, which offer high-soft tissue contrast, as well as a range of unique imaging techniques, including functional, spectroscopy and thermal imaging, however, there are currently no solutions for delivering needles to small animal brains inside the bore of an ultrahigh field MR scanner. This paper describes the mechatronic design, evaluation of MR compatibility, registration technique, mechanical calibration, the quantitative validation of the in-bore image-guided needle targeting accuracy and repeatability, and demonstrated the system's ability to deliver needles in situ. Methods: Our six degree-of-freedom, MR compatible, mechatronic system was designed to fit inside the bore of a 9.4 T MR scanner and is actuated using a combination of piezoelectric and hydraulic mechanisms. The MR compatibility and targeting accuracy of the needle delivery system are evaluated to ensure that the system is precisely calibrated to perform the needle targeting procedures. A semi-automated image registration is performed to link the robot coordinates to the MR coordinate system. Soft tissue targets can be accurately localized in MR images, followed by automatic alignment of the needle trajectory to the target. Intra-procedure visualization of the needle target location and the needle were confirmed through MR images after needle insertion. Results: The effects of geometric distortions and signal noise were found to be below threshold that would have an impact on the accuracy of the system. The system was found to have negligible effect on the MR image signal noise and geometric distortion. The system was mechanically calibrated and the mean image-guided needle targeting and needle trajectory accuracies were quantified in an image-guided tissue mimicking phantom experiment to be 178 AE 54 lm and 0.27 AE 0.65°, respectively. Conclusions: An MR image-guided system for in-bore needle deliveries to soft tissue targets in small animal models has been developed. The results of the needle targeting accuracy experiments in phantoms indicate that this system has the potential to deliver needles to the smallest soft tissue structures relevant in preclinical studies, at a wide variety of needle trajectories. Future work in the form of a fully-automated needle driver with precise depth control would benefit this system in terms of its applicability to a wider range of animal models and organ targets.
INTRODUCTION
Many preclinical research techniques require accurate injections of cells, drugs, genes or contrast agents to specified targets in small animals, such as mice. [1] [2] [3] [4] [5] [6] [7] Preclinical minimally invasive interventional or investigational procedures performed on rodents offer major advantages over invasive surgical techniques in terms of the extent of trauma to the animal, and the effect of trauma on its immune system, which risks compromising the experimental outcome. 8 Many research procedures require accurate, minimally invasive, injections to specific sites in mice, such as cancer therapies in the brain, 1 mammary gland 2 and pancreas; 3 stem cell therapies in the heart 4 and spinal cord, 5 as well as gene therapy in the thymus gland 6 and spinal cord. 7 For a successful outcome of these procedures, an accurate injection to the desired site is required. Leveraging our experience in small animal brainimaging research, in this work, we focused on brain injections in mice.
Intravenous bolus injections in mice are commonly performed via the caudal vein; however, the blood-brain barrier (BBB) limits access of some compounds to the central nervous system (CNS) using this injection site. 9, 10 Due to this and other limitations, many preclinical research studies require accurate injection of cells, drugs or contrast agent into precise locations in the brains of mice. [11] [12] [13] Currently, these injections are performed using a stereotactic device with an atlas for reference, or a blind injection by hand with only external anatomical reference such as skull features. Both of these techniques can result in inaccurate placement of needles due to human error and normal variations in anatomy, and may require multiple attempts for a successful insertion. Genetically modified mice have proven to be a vital tool in preclinical research; however, the wide variety of strains have a diversity of neuroanatomical differences, including brain proportions, 14, 15 which in-turn decreases considerably the stereotaxic accuracy. 12 With neuroanatomical proportion differences and scaling functions based on mouse size, it is difficult to determine the accuracy of atlas based stereotaxic targeting. 16 Other limitations of mouse brain atlases include lack of detailed neonatal atlases, the potential for inaccuracy during tissue sectioning and fixation of brain pathology slices, and the limited number of slice orientations available, which increases the difficulty of designing oblique needle paths to avoid damaging sensitive neuroanatomical structures. 16 Recently, pre-operative MR and micro-CT images have been combined with pathology slices to create more accurate reference atlases. 17 Inaccurate insertions may result in failed experiments and fatality for the mice. If the injection is successful, an MR image may be used to monitor the effects of the injection on local tissues or the distribution/migration of the contrast agent, which may be optimally observed immediately after injection. Due to the time, it takes to prepare the mouse for imaging, and performing the MR imaging pre-scanning procedures, the local distribution of contrast agent in tissues near the site of injection can be reduced by an unacceptable amount before imaging. To help circumvent this issue, mice are often sacrificed after injection so that injected dyes or contrast agents will remain at the injection site for imaging. 18 However, sacrificing these mice inhibits the observation of the long-term effects of the experiments, and can be expensive if the mice have genetic variations, especially if the sacrifice fails to yield acceptable imaging results and needs to be repeated.
The field of image-guided robotic needle delivery in preclinical animal models has grown over the past decade. Robotically assisted micro-CT image-guided out-of-bore 19 and in-bore 20 needle placement devices with < 200 lm mean accuracy have been successfully tested on mice. Despite this success, the level of soft tissue contrast achievable with MRI is not possible with CT, making MRI the preferred image modality for needle guidance in certain studies where soft tissue is being imaged (e.g., those requiring intracranial injections). 21 In addition, The development of ultra-high magnetic field strength superconducting magnets has led to increases in sensitivity, contrast, and image resolution, which facilitate the improvement and development of imaging techniques, such as high resolution imaging, 22 perfusion and functional imaging 22, 23 and spectroscopy. 22 These MR imaging techniques are key in observing and analyzing the development and treatment of animal models with brain diseases; for example neurodegenerative diseases like Alzheimer's disease 24, 25 and ALS. 24, 26 The most advanced previous work focused on out-of-bore image-guided percutaneous biopsy via a MRI-guided robotically assisted system guided by Bruker BioSpin 7 T MR scanner images, which achieved a needle tip placement accuracy within 1 mm in phantom experiments. 27 Apart from the low needle targeting accuracy and the fact that the system is currently only used for biopsy, and not injections, the major drawback to this system is the inability of immediate imaging after needle insertion, since the biopsy is performed outside of the bore, which would allow quantification of in vivo accuracy and effects of the procedure. Another disadvantage is that the needle can only be oriented vertically, requiring a new burr hole (manually drilled in the mouse's skull) for additional biopsies along other insertion axes, hence increasing the invasiveness of the procedure, and making insertions to multiple non-vertically aligned targets cumbersome to perform.
The ability to automatically deliver needles to multiple targets with the use of an accurately calibrated actuated needle delivery robot through one burr hole in the skull inflicts less trauma on the mouse and eases the preparation workflow. Thus, a goal of our work is to improve mouse preparation workflow by reducing the number of burr holes needed to complete the injections. In addition, our goal is to accurately and precisely deliver needles while the mouse is inside the bore of an ultra-high field MR scanner, thereby allowing researchers to perform serial needle insertions accurately and efficiently, with the ability to observe the inserted needle tip location and evaluate the immediate effects of the injection.
Ultra-high field strength preclinical MRI scanners (e.g., 9.4 T systems) consist of long and narrow bores (~2 m long and 12 cm inner diameter, 400 mT/m, gradient coil insert for our 9.4-Tesla, 31 cm bore diameter, Agilent animal MR imager, Agilent, Santa Clara, United States of America) with the imaging field-of-view (FoV) inaccessible by the human arm for manual injections under MRI-guidance. Due to this limitation and the requirement for substantially greater accuracy and repeatability than achievable with manual insertion, a robotic system must be designed to fit in the MRI scanner bore and perform needle insertions and injections into a mouse brain with a targeting accuracy of < 200 lm to target the smallest biologically relevant targets such as vessels 28 or tumors, 29 and a trajectory error of < 1°to avoid damaging surrounding features in the brain and minimize the required size of burr hole. In addition, brain images in live mice are generally acquired with a 150 lm isotropic voxel size for 3D imaging, and 200 9 200 lm 2 in 2D with 500 lm slice thickness, and therefore, the robot should be able to accurately deliver a needle to a specific voxel. Higher resolution brain images can be acquired, but the imaging time increases as the voxel volume decreases since more averages are needed to form an image with an adequate signal-to-noise ratio.
Conventional electric motors are unable to be used in the development of MRI-guided interventional robots since they operate using a generated magnetic field, which would be detrimental to the image quality if they were introduced into the MR scanner's bore. To circumvent this issue, MR compatible robotic devices have generally been actuated using pneumatics. [30] [31] [32] [33] More recently, due to advancements in piezoelectric material technology, small MR compatible piezoelectric motors have become a practical actuation method by combining sub-nanometer step size with a relatively high holding force while unpowered. In human studies, piezoelectric motors were used to successfully actuate the intraoperative MRI-guided NeuroArm robot for neurosurgical procedures. 34 Based on their advantages and proven capability in the magnetic environment, piezoelectric motor actuation was used in the development of the robot described in this work.
This work describes our development of a six degree-offreedom (DoF) ultra-high field strength MR image-guided, in-bore, minimally invasive robotic system used to place needles accurately and precisely into targets in a mouse brain. The needle target and trajectory are determined from the MR images and output to the mechatronic system to deliver the needle. We report on the robot's accuracy and precision determined from two separate tests: open-air and brain mimicking phantom tissue, followed by an in situ needle delivery to demonstrate the utility of the system for ultra-high field strength MR image-guided neurosurgical procedures in mice.
METHODS

2.A. System design
2.A.1. Mechanical design
The robot consists of three main mechanical components (see Fig. 1 ): (a) the needle driver, (b) the spherical linkage, and (c) the XYZ-stage. The hydraulic needle driver inserts and retracts the needle tip to a fixed point in space, called the remote center of motion (RCM), about which it is pivoted by the spherical linkage. The XYZ-stage moves the mouse bed until the desired needle target in the mouse brain is coincident with the fixed point in space about which the spherical linkage, and the needle, pivots, allowing the needle to be inserted to the target. All of these assemblies are fixed to a common base plate that is entirely inserted into the MR scanner's bore.
Hydraulic actuation was selected to control the needle insertion and retraction during injection procedures. The needle driver is made up of a piston, which is actuated inside the hydraulic enclosure by the acting hydraulic fluid -water in our application. A needle guide and needle clamping mechanism are integrated into the piston design to align and fix the orientation of the MR compatible glass needle (TIP10XV119, World Precision Instruments, Inc., Saratosa, FL, USA) to the piston, to extend and retract the needle tip. The piston design also incorporates a precisely machined end-stop on the underside of the clamping mechanism, which allows for the needle length to be accurately calibrated to intersect with the spherical linkage's RCM.
The alternate approach of using MR compatible piezoelectric motors and optical encoders were not used for the needle driving system since they would be in close proximity to the imaging FoV, and the metallic components would cause image artifacts. The hydraulic system was therefore machined from polyethetherketone (PEEK) plastic instead of metal. For simplicity, the hydraulic actuation was designed to be manually actuated using a syringe for this study and is intended to be automated in the future. The syringe actuated hydraulic can easily output the necessary force to insert and retract the needle in tissues as well as allow the user to control the speed of the needle insertion and retraction.
Integrating the hydraulic needle driver into the spherical linkage allows the linkage to manipulate the trajectory of the hydraulic needle driver to an angle of up to 45°from vertical and 360°about the vertical needle position, while maintaining the extended needle tip position at the RCM. The needle's large angular range of motion (RoM) allows the robot to reach targets that have an obstructed line of sight.
The MR compatible rotary piezoelectric stepper motors that control the needle trajectory via the spherical linkage (LR5012D-00B10, PiezoMotor, Uppsala, Sweden) have a < 0.057°step angle and output torque of 55 mNm, and their angular position is tracked using MR compatible, incremental, rotary optical encoders (RIK4-2C 29/1000 C03 9.0M Z, RS 29/16/1000, Numerik Jena, Jena, Germany) at a resolution of 0.18°. The linkage does not need to be counterbalanced since the stepper motors possess an intrinsic holding torque, even when unpowered. This intrinsic holding torque allows the motors to be turned off while maintaining the position of each degree-of-freedom. There is no electrical transmission from the motor driver to the motor when the motor is not moving. This is important in the MR environment because electrical signals traveling through wires near the scanner's FoV can cause image noise and other artifacts.
2.A.2. Registration of device to MRI coordinate systems
Cross-fiducial design: Our registration approach incorporates a "cross" shaped fiducial 35 (referred to as cross-fiducial), which has a simple, low profile design that allows it to be easily embedded in the mouse bed, underneath where the mouse's head rests [see Fig. 2(b) ]. The cross-fiducial consists of two 4.38 mm diameter perpendicular intersecting holes drilled through a piece of Delrin plastic, forming the shape of a cross. The holes are filled with water to provide contrast in the MR images. The RF coil, [ Fig. 2(a) ], was designed to cover the mouse's head and the cross-fiducial to acquire a strong enough signal from the fiducial to easily localize the fiducial in the MR images, and to calculate the position of the fiducial in the MR scanner's coordinate system. Magnetic field inhomogeneities can be thought of as the static imperfections superimposed with imperfections induced by the introduction of magnetic materials into the FoV, such as a robotic device. Through imaging techniques of the fiducial at specific orientations inside the MR scanner's bore, this localization fiducial design is insensitive to the effects of magnetic field inhomogeneity (described in Section MR to robot registration process).
MR to robot registration process: Acquiring 2D axial and sagittal proton density gradient echo images of the cross-fiducial oriented approximately perpendicular to the imaging planes results in images displaying a bright circle, where the center of the circle represents a point along one of the crossfiducial cylinder's axis (TR = 5.76 ms, TE = 2.79 ms, flip angle = 11°, FoV = 32.00 9 32.00 mm 2 , matrix, size = 160 9 160, 51 slices, 0.50 mm slice thickness, 12 averages, acquisition time = 9:24 min). A fiducial cylinder's axis can be determined by locating the centroids of two circles in parallel MR images. Ideally, these images are as far apart as possible, on either side of the cross-fiducial intersection to minimize the effect of the centroid localization error on the fiducial axis trajectory. Since the axes are unlikely to intersect exactly, the closest point between the two axes becomes the location of the coordinate system origin. The two axes of the robot coordinate system are likely not perfectly perpendicular either, therefore, to extract a 3D Cartesian coordinate system from the two axes, the cross product of the fiducial axis perpendicular to the bore length and the fiducial axis parallel to the bore length yields the robot's Z-axis, the cross product of the fiducial axis parallel to the bore length and the Z-axis yields the Y-axis, and the Z-axis crossed with Y-axis yields the X-axis.
A semi-automated registration method developed in MATLAB uses pixel intensity masking to remove signal intensity variations from the fiducial, and locates the centroid of a circle with a known radius of 4.38 mm (~22 pixels in diameter using image parameters described above) using a built in circular Hough transform function; "imfindcircles".
36
MR scanners shim the magnetic field to compensate for inhomogeneities; however magnetic field inhomogeneities can be caused by the introduction of foreign MR compatible material into the homogenous magnetic field. A method of compensating for in-plane magnetic field inhomogeneities is applied to the position localization of the cross-fiducial. By acquiring two of the same cross-sectional image sets of the fiducial with all things being equal, using the same pulse sequence with the frequency encoding directions reversed, the resultant average position of the fiducial in the frequency encoding direction corresponds to the true fiducial position in the MR scanner. 37 A benefit to the design of the crossfiducial is that the cylinder axes of the cross-fiducials are in line with the MR coordinate system, hence slice select error caused by magnetic field inhomogeneities in registration images is also negligible.
Using this method, a complete registration acquisition requires four image sets of the cross-fiducial: a set of 2D axial and sagittal images, and a second set with the frequency encoding direction changed. Once the first image set is acquired, it can be processed using the semi-automatic registration procedure while the next MR image set is being acquired, which takes about 9 min per image set. Thus, the entire registration procedure takes approximately 40 min. 2D image sets were chosen over a 3D image for speed, and to enable the fiducial localization correction. The registration must be performed every time the robot is placed inside the MR scanner, but insertions to multiple targets may be performed after one registration.
2.A.3. Electrical systems
Our needle delivery robot is controlled using a custom-made controller, which is composed of four PIC â microprocessors (DSPIC33FJ128MC802-I/SO, Microchip, Chandler, AZ, USA) arranged in a master/slave configuration. The Numerik Jena optical encoders output a differential sinecosine signal that is subtracted through a differential amplifier (MAX492, Maxim Integrated, San Jose, CA, USA) and then sent to the salve microprocessor that corresponds with one of that encoder's DoFs. The slave microprocessors control the motor positions based on the interpretation of the encoder's position feedback. The encoding information is relayed to the master microprocessor, which communicates with the computer. The desired orientation of the needle and position of the mouse bed manipulator are input into the control software module, which then uses a serial peripheral interface bus to communicate the desired position of each DoF to the controller's master microprocessor. Each slave microprocessor controller switches on their respective motor drivers (PMCM21 Hand-held driver, PiezoMotor, Uppsala, Sweden) to control the motors. The controller system is constantly monitoring the position of each DoF and the motors activate at any time to reposition the motors to the set position.
2.B. MR-compatibility
The introduction of any magnetic materials into the MR bore will have an effect on the magnetic field. The distortion of the magnetic field, and consequently the images, is most prominent when a small amount of metal, including non-ferromagnetic metal is present in or near the FoV. Electronics, such as motors and encoders, also emit RF signals, which can be transmitted to the receiver coil resulting in noise in the MR images. The effects induced by the presence of a robotic device inside the MR scanner's bore are important to quantitate to reduce their negative effects on the image quality.
2.B.1. Robot induced magnetic field distortion
The MR compatible Piezo LEGS Linear 6 N piezoelectric motors selected to actuate the robot are made from non-ferromagnetic metals (primarily aluminum) and are close to the imaging FoV, therefore, it is important to quantitate the effects of the motors on the homogeneity of the MR scanner's magnetic field to help guide the robotic design. These motors also contain more metal by weight than any other component on the XYZ-stage, and should induce the most distortion.
A grid phantom was used to evaluate the distortions of the magnetic field, which is easier to visualize in cross-sectional images. This experiment determined an estimated minimum distance that the robot's motors should be placed away from the FoV as to not distort the images. Gradient echo images were acquired of the phantom at a bandwidth of 20 kHz and 50 kHz, which are the low receiver bandwidth frequencies used when imaging mice. Lower bandwidths were used during gradient echo imaging in this experiment since more distortion occurs at lower bandwidth (and hence lower gradient field strength).
2.B.2. Effect of the robot on RF noise
The motors and encoders run at a maximum frequency of 2 kHz and 5 kHz, respectively, while the MR scanner's RF receiver system operates at a center frequency of 400.2 MHz, hence the robot electronics are not expected to have an effect on the image quality. The effects of the robot electronics on the MR images was evaluated through a RF spectrum scan performed to determine the signals present in the MR scanner's bore. The spectrum scan was performed with and without the robot in the 9.4 T MR scanner's bore.
2.C. Targeting accuracy
2.C.1. Open-air robotic calibration and accuracy validation
A coordinate measuring machine (CMM) (Global Image, Brown & Sharpe, North Kingstown, RI, USA) was used to measure the position of the needle and the mouse bed manipulator to determine the open-air accuracy of the robot at a measuring accuracy of 8.7 lm with a repeatability of 2.9 lm. The needle delivery robot was retrofitted with tooling balls to act as features of known size and geometric accuracy on the robot's mouse bed manipulator and needle manipulator linkage for the CMM to measure. The positions of the spherical linkage tooling balls were measured at multiple needle trajectories, equally distributed along its range of motion. The vertical position of the needle was calibrated incrementally by trial and error using the CMM to determine the closest needle angle to vertical (0.048°from vertical). To determine the needle trajectory and RCM, both tooling balls were measured in 24 orientations; at 0°, 22.5°and 45°from the calibrated vertical position, at eight 45°increments around the vertical needle position.
The mouse bed manipulator's orientation was measured at various positions throughout its working volume. The orientations were measured in a grid pattern at increments of 6.25 mm throughout X-Y-plane's 25.40 9 25.40 mm 2 RoM, and in five equally spaced horizontal planes, ranging from À6.25 mm to 6.25 mm along the Z-axis. Twenty-five equally spaced measurements resembling a grid were performed in the home plane (X-Y plane when Z = 0), while five position measurements were conducted for each of the other four X-Yplanes, only covering the center and four furthest corners of the planes. The position measurement of the center and four furthest corners of all five planes were measured once more to determine repeatability. This measurement process also served as a calibration procedure since the actual tooling ball position is likely to differ from the CAD model positions due to additive machining and assembly errors.
2.C.2. Hydraulic needle driver needle length calibration
Due to additive machining errors, the designed RCM position and the RCM positions measured by the CMM differ. In reality, the RCM is within a spherical probability volume as opposed to a point. The length of the protruding needle from the extended hydraulic piston was designed to coincide with the RCM; however, this was not the case when the tooling ball representing the needle tip position was verified by the CMM measurements. The length of the needle protruding from the needle driver was adjusted to determine the needle length that produced the smallest needle tip error. This improved needle tip length was incorporated into the design of a jig, which was used to calibrate the needle length extending from the needle driver.
2.C.3. Image validation of needle accuracy in phantoms
The robot was placed in the MR scanner and a water filled glass needle was used to target preplanned virtual targets in a PVA phantom (polyvinyl alcohol -10% PVA by weight and 90% water by weight, 1 freeze/thaw cycle). 38 Seven different targets and trajectory positions throughout the robot's working volume were imaged to calculate the position of the RCM relative to the cross-fiducial.
Given the sub-voxel size of the needle tip of 10 lm, and slight differences in the needle tip shape, it was not possible to accurately localize the tip depth in MR images; however, as the accuracy of depth was already quantified in the previous test and is not expected to be different under conditions of intra-MR testing, only the needle's axis was measure in the MR test. Furthermore, the glass needles used in these studies are made using a pulled glass technique, the shape of the conical needle tips were not consistent among production batches. Therefore, a geometric registration of the needle tip was not a viable localization method. Instead, coronal image sets were used to locate two points on the axis of the water filled needle, which appeared as bright spots in the MR images. Points along the needle trajectory axis were localized by determining the intensity-weighted centroid of the water inside the glass needle thus:
where x i and y j are the pixel coordinates in the ith row and jth column, I is the pixel intensity, and x C and y C are the coordinates of the center of signal intensity in the image. The intensity-weighted centroid measurement approach was used instead of the "imfindcircles" function because the needle trajectory is not perpendicular to the imaging plane, resulting in a more oval shape in the images. 36 These scans were performed similar to the scans used for the registration process previously described in Section MR to robot registration process, with the addition of coronal image sets, which were also re-acquired with reversed frequency encoding directions. Each image set in our study was imaged with six averages in a FoV of 32.0 9 32.0 mm 9 25.5 mm 3 , with a voxel size of 0.20 9 0.20 9 0.50 mm 3 . The average position in the two coronal image sets along the reversed frequency encoding directions were used to determine the points on the needle axis, insensitive to in-plane magnetic field inhomogeneity. Apart from the vertical needle orientation, the rest of the need axis orientations were not perpendicular to the coronal plane, hence there was no correction for slice select error. The fiducial axis points and needle axis points were transformed into the global MR coordinate system using the output transform matrix from the MR scanner. The needle axis points were transformed to the robot coordinate system derived from the fiducial axes. An iterative approach was performed to determine the point with the smallest average distance from the needle trajectories. Thus, the RCM location that minimized targeting error was determined.
2.C.4. Total image-guided needle accuracy validation in phantom tissue
The complete needle targeting and insertion procedure was performed identically to the one described in Section 2.C.3 but with nine different targets and needle orientations, covering the robot's working volume for mouse brain procedures. The robot was removed from the bore and reinserted after each needle orientation, to ensure that the fiducial was not in the exact same position or orientation inside the MR scanner's bore during the robot registration. The shortest distance from each needle axis to the newly calibrated RCM, determined in Section 2.C.3, was computed to determine the total needle targeting and needle angle errors of the needle delivery procedure.
2.C.5. In Situ needle delivery pilot procedure
A medium sized mouse (~35 g) was used to validate the needle targeting procedure workflow in a small animal. The mouse was ethically euthanized according to institutional procedures and a craniotomy was performed to provide access to the brain. The glass needle was filled with water to create a large contrast between the needle and brain tissue to ensure that the needle can be visualized in the post-insertion images. The spherical linkage and mouse bed manipulator were moved to positions, which allowed the user enough room to load the mouse and RF coil onto the mouse bed. The mouse's head was oriented so that the area of exposed brain was not covered by the RF coil (Fig. 3) , and placed in the bore so that the brain was at the scanner's isocenter. The third dorsal ventricle was selected as the needle target for this experiment since a mouse's ventricles have high contrast in MR images and intraventricular injections are commonly performed in small animals. 39 A target point was selected in the mouse's ventricle and a second point was selected to define the needle's trajectory in the MR images. The same voxels were also selected in the images with reversed frequency encoding directions. The target and trajectory coordinates were processed to determine the target position and needle trajectory relative to the robot, and subsequently, the encoder coordinates for the five DoFs. Once the robot was moved to the targeting position, a 3D image was acquired of the brain (steady-state free precession, TR = 7.00 ms, TE = 3.50 ms, flip angle = 30°, FoV = 19.20 9 19.20 9 19.20 mm 3 , matrix size = 128 9 128 9 128, 150 lm isotropic, 4 averages, 4 frequencies, acquisition time = 30:35 min). The needle driver was manually actuated, plunging the glass needle tip through the mouse brain and into the ventricle. 3D images of the mouse brain were acquired with the glass needle in the brain and when the glass needle was removed from the brain.
RESULTS
3.A. Robot induced magnetic field distortion
The effects of robot induced magnetic field distortion were estimated by measuring the in-plane magnetic field distortion in grid phantom images, caused by the non-ferromagnetic linear piezoelectric motor. The maximum observed in-plane distortion in the coronal images was at approximately 22.5 mm into the phantom, from the closest side of the motor. Therefore, using a safety factor of 2, the location of the motors in the robot's design were required to be at least 45.0 mm away from the edge of the closest FoV. There are inevitable some effects of robotic induced magnetic field distortion that contribute to the total needle targeting error in Section 3.D.
3.B. Effects of robot on RF noise
Spectrum scans showed a few noise signals between 165 kHz and 185 kHz from the center frequency while the robot was present and powered in the 9.4 T MR scanner (see Fig. 4 ), which were not present when the robot was not present. Since the noise frequency is so far away from the center frequency of this scanner, the noise will only affect the image quality of echo planar imaging sequences, which use a high receiver bandwidth (around 500 kHz). The precise source of the noise is unknown.
3.C. Open-air calibration and accuracy testing
A CMM was used to iteratively calibrate the vertical needle position to an angle of 0.048°from vertical. This position was assumed to be the true vertical position of the needle in the kinematic equations, and hence the rest of the needle trajectories were determined relative to this trajectory. The mean positional error of the RCM tooling ball was measured to be 83 AE 47 lm, with a mean trajectory angle error of 0.15 AE 0.62°throughout the 24 measured orientations (see Table I ). To calibrate RCM, the length of the needle was virtually shortened and lengthened iteratively in the CMM data set until the standard deviation was minimized. The needle length required a 76 lm extension from its current length based on the CMM results, which increased the mean positional error of the spherical linkage to 146 AE 38 lm. Although this extension increased the mean needle error, it reduces the standard deviation, which will result in more consistent needle targeting. This true location of the RCM with the extended needle tip was used as the calibrated RCM for future procedures. The new needle tip position information was used in designing the needle length calibration jig described in Section 2.C.2.
The calibrated home position of the mouse bed manipulator was determined and was measured at 45 different positions over its RoM; however, the mouse bed manipulator's entire working volume is much larger than what is needed for mouse brain experiments, 25.4 9 25.4 9 12.5 mm 3 and 10 9 15 9 10 mm 3 , respectively. The positional error is calculated in reference to the calibrated origin, and the positional error of the mouse bed manipulator would likely be larger over a large volume of 25.4 9 25.4 9 12.5 mm 3 than that of a smaller volume of 12.5 9 12.5 9 12.5 mm 3 (this represents the working volume size more accurately in mouse brain studies), since both volumes are centered about the mouse bed manipulator's calibrated origin. This cubic mouse brain working volume was used since the calibration positions were measured in increments of 6.25 mm or less in all three directions. The mean positioning error of the mouse bed manipulator throughout the working volume of the mouse brain was found to be 31 AE 58 lm.
3.D. Needle tip accuracy in phantom tissue
The image-guided needle targeting accuracy was determined in a PVA phantom. The water filled needle was inserted into the phantom at nine different targets and trajectories. The needle was imaged after each insertion to determine the trajectory of the needle (see Fig. 5 ). The mean needle targeting accuracy in the MR image-guided phantom experiment was 178 AE 54 lm with a mean trajectory angle error of 0.27 AE 0.65°.
3.E. Preclinical needle delivery in a mouse brain
A preclinical image-guided needle targeting demonstration was performed with a target in the third dorsal ventricle of a mouse brain. The target inside the third dorsal ventricle along with the needle trajectory point were selected from 2D MR images acquired during the registration procedure, while 3D images were acquired after the needle insertion (see Fig. 6 , right). The needle is clearly seen penetrating the mouse's 3rd dorsal ventricle in the right MR image in Fig. 6. 
DISCUSSION
4.A. Effects of the robot on MR images
The magnetic field distortion experiment indicated the approximate measurement of in-plane distortion caused by the metal linear MR compatible piezoelectric motors. The incorporation of this design constraint ensured that the accuracy of the robot localization was not compromised by distorted images, which was a key to the overall successful use of the robot. Although efforts were made to mitigate the effects of magnetic field distortion on the needle targeting accuracy through careful design, the residual effects of distortion likely contributed to the system's overall needle targeting accuracy, quantified in Section 3.D.
Noise can easily be introduced into the MR image by foreign electrical components such as motors and encoders that transmit RF signals. The spectrum scan showed a few small unknown noise signal peaks between 165 kHz and 185 kHz from the center frequency (400.2 MHz). These unidentified signal peaks would likely introduce error into MR images acquired at a BW higher than 330 kHz, such as echo planar imaging, which uses high bandwidths around 500 kHz in the 9.4 T scanner. The noise signals will not affect the images acquired using any lower bandwidth scanning sequences. Although most gradient echo sequences use a much lower bandwidth than 330 kHz, there are some that use higher bandwidths, which will be more susceptible to noise artifacts. The source of this noise must be determined and eliminated before this system can be used to its fullest potential.
The 9.4 T MR scanner, as with most modern MR scanners, employ shims, which correct the scanner's magnetic field inhomogeneities due to main magnetic field imperfections and due to the presence of foreign objects. The effects of magnetic field inhomogeneity are also reduced when imaging at a higher bandwidth. The 2D registration images were acquired at a bandwidth of 40 kHz, which is above average in our 9.4 T MR scanner.
4.B. Open-air calibration and accuracy testing
The in-air calibration and accuracy testing using a CMM proved to be a valuable step in the development of this robot, especially considering that the needle tip length adjustment enabled an increase in the RCM accuracy of over 20%.
The standard deviation of the needle trajectory error at 45°w as about twice as large as the average trajectory error (see Table II ). Similar to the trajectory error, the needle targeting error from the spherical linkage also increases substantially as the needle angle approaches 45°.
The cause of this error is due to the spherical four bar linkage design used for this robot, which possesses a non-linear angular position relationship between the controlled arms and the needle. Thus, for each angular step of the controlled arms, the change in needle angle step size decreases, and the opposite occurs when the needle is angled backwards (see Table III ).
As seen in Table III , the needle's encoder steps per degree is over ten times higher when the needle is fully angled forwards compared to when it's angled backwards. The needle trajectories were calibrated relative to the vertical needle position, and therefore the trajectory error is expected to increase as the needle travels away from the calibrated position. A combination of these effects is most likely the cause of the increased error when the needle was tilted backwards. Although the trajectory error's standard deviation was higher than expected, the result was still within the target mean of < 1°. A low needle trajectory error is important when the targeting procedure must pass through a burr hole in the mouse's skull since there is potential for the needle to contact the skull and deflect the needle from its intended trajectory, or worse, break the needle. In a worst case, and almost unrealistic scenario for mouse brain injections, if the vertical target depth was 10 mm, a needle trajectory of 45°would require the needle to pass through about 14.14 mm of brain tissue. If a needle trajectory error of 1°was added to the desired needle trajectory, resulting in a 46°trajectory angle, the needle would enter the brain tissue about 0.35 mm away from the expected entry point. However, since the mouse brain targets are usually relatively shallow, the effects of a mean trajectory angle error of < 1°should keep the needle trajectory within a safe distance from intersecting any sensitive/restricted areas of the brain. Other sources of error from using the CMM include the slight deformation of the robot's cantilever mouse bed and spherical linkage due to the relatively small applied force of 0.07 N on the tooling balls, as well as the error of the CMM itself.
4.C. Needle targeting accuracy in phantom tissue
The needle targeting experiment in phantoms yielded a mean targeting error of 178 AE 54 lm with a mean trajectory angle error of 0.27 AE 0.65°. A limitation of the trajectory based needle targeting error measurement method remains that the actual position of the needle tip was not measured, but rather the shortest distance between the RCM and the needle trajectory was assumed to be the error. Although this targeting accuracy measurement is not ideal, many measures have been implemented to validate the device's needle targeting accuracy, including the CMM calibration and accuracy measurements, the implementation of the needle length jig, and the RCM calibration with MR images. This needle targeting accuracy measurement method neglected the deformation of tissue, potentially resulting in the needle tip being short of the target. The effect of tissue motion on the needle targeting error is expected to be small in preclinical brain applications considering the extremely fine glass needle tip (which pierces tissue with ease), low resistance of brain tissue to needle penetration, slow needle insertion speed, and shallow brain targets. This needle targeting error measurement method neglected the effects of needle deflection, but since the needle tip is symmetrically pointed (conical, and not beveled), it is unlikely that an unbalanced lateral load will be applied to the needle upon insertion. The target depths are also only a few millimeters deep, so internal tissue forces are unlikely to deflect the needle to any meaningful degree. Based on the device's intended purpose in this application, it is unlikely that the needle deflection has any impact on the targeting error. Nonetheless, our system allows the user to image the mouse brain during the needle insertion to ensure that the needle is being delivered to the correct target location, and can therefore alter the needle trajectory or depth as desired.
Although the fiducial localization error and needle axis localization errors contribute to the overall measurement of the device's targeting error, the error patterns were consistent between the CMM and phantom needle targeting validation experiments. This indicates that these localization errors don't have an exaggerated bias in the device's accuracy measurements.
The long registration time can be a major disadvantage of using this device. In our in situ application, the needle target was relatively large, and therefore a voxel volume of 0.2 9 0.2 9 0.5 mm 3 provided sufficient detail to distinguish the target. In many clinical applications, the user requires higher resolution images to locate the needle delivery target, and would therefore require an even longer scanning time. Depending on the application, a smaller FoV may help reduce the registration time.
4.D. In situ preclinical needle delivery
The robot successfully performed an ultra-high field strength MR image-guided in-bore needle delivery, where the tip of a glass needle was guided into the third dorsal ventricle in a sacrificed mouse's brain. Image confirmation showed the water filled needle penetrating the mouse brain and entering the ventricle [see Fig. 6(b) ]. The actual needle tip cannot be visualized since it is about 1/15th of the voxel's size. The ventricles in live mice are generally bright in the MR images, however, cerebrospinal fluid is known to evacuate from the ventricles after a craniotomy in euthanized mice, resulting in a little to no signal.
There is much more work to be completed before this device can be used for preclinical studies, including mechanical improvements for fine needle depth adjustments to account for tissue deflection, eliminating the unidentified source of noise, better head stabilization to prevent movement due to breathing and heart beats, as well as a more streamline registration procedure.
CONCLUSION
The design, calibration and experimental accuracy testing of an MR image-guided robotic needle delivery device has been developed to successfully perform needle targeting procedures with a mean targeting error of < 200 lm and a mean trajectory error of < 1°. The robot should provide researchers with a tool for conducting accurate and repeatable preclinical needle targeting procedures in soft tissues such as mouse brains. The six DoF robot was manufactured from MR compatible materials, predominantly plastics, and is controlled using MR compatible piezoelectric motors and optical encoders. The robotic design focused on minimizing the effects of the robot on the image quality since the image registration process relies directly on the accuracy of the MR images. An MR visible fiducial was built into the robot's mouse bed to localize the robot's position and orientation in the MR images through a semi-automated registration procedure. The registration and kinematics were computed in MATLAB based on the needle target and trajectory selected in the MR images, which are transformed into the robot coordinate system from which the device can be positioned to conduct the needle insertion procedure. The device's mechanical calibration and accuracy measurements were conducted using a CMM, reporting a mean open-air needle targeting and trajectory error of 146 AE 38 lm and 0.15 AE 0.62°from the spherical linkage, respectively, and a mean mouse bed manipulator error of 31 AE 58 lm. These mean position errors were used as the calibrated positions. An evaluation of the device's total targeting error was evaluated by performing needle insertions to nine different targets at various trajectories throughout the device's working volume. The accuracy of the device was measured using the relative position of needle trajectories to the RCM in the MR images, yielding a mean needle targeting error of 178 AE 54 lm and a mean trajectory error of 0.27 AE 0.65°. Finally, the device successfully demonstrated an image-guided needle targeting procedure in situ.
